IONSIV
® R9120-B Selective Media (formerly IE-911) is a commercial mixture of crystalline silicotitanate (CST) in the acid form with the formula of (H,Na) 2-x (Ti 2-x Nb x )SiO 7~2 H 2 O and an amorphous Zr(OH) 4 binder to produce a granular product suitable for engineering use. It has been widely applied in several Magnox storage ponds in the UK and various US locations including Three Mile Island, Savannah River and Oak Ridge National Laboratory as an inorganic ion exchanger [1, 2] . It shows an excellent selectivity and great performance to separate 137 Cs and 90 Sr relative to Na þ , K þ and H þ from waste streams in a broad pH range [3, 4] . Retrieve and Recovery System (SARRY) to remove caesium from the contaminated wastewater [6] . The CST sorbent contains significant quantities of titanium, which is historically difficult for processing into a wasteform via vitrification, other disposal options that have been investigated are cementation [7] and thermal conversion [8, 9] to a ceramic wasteform.
To be a viable wasteform, a monolithic solid is usually preferred over a powder due to the smaller surface area, thus the release rate of any elements is reduced if the wasteform contacts water. Hot isostatic pressing (HIP) involves heating a powder sample in a sealed metal can whilst simultaneously applying pressure and it has been widely studied in the past few decades for the feasibility for nuclear waste treatment [10e17] . After HIPing, internal pores and defects within a solid are eliminated, as a consequence a monolithic material with a uniform grain size and a nearly 100% density is achieved [18, 19] . The waste to be treated is sealed in a metal can, which may also form the primary waste package containment, and processed at relatively low temperature, thus high temperature volatility losses are greatly reduced and no offgas emission processing system is required. Furthermore, HIPing generally provides higher waste loadings than vitrification and also flexibility in handling problematic waste.
Studies of the mechanism of Cs ion selectivity in crystalline silicotitanate [20, 21] , the crystal structures of Cs-exchanged CST [22] and microstructure and phase transformation effected by radiation and heat [23] [25] for Cs 2 ZrSi 3 O 9 synthesis. A solution was prepared by mixing 50 wt.% aqueous solution of caesium hydroxide (CsOH) with an equal volume of ethanol. 1 mL aliquots of the CsOH/ethanol solution were injected into a mixture of titanium isopropoxide/niobium ethoxide or 70 wt.% zirconium propoxide/tetraethyl orthosilicate under stirring, followed by the injection of 1 mL of ethanol. The injections of CsOH/ethanol and ethanol were repeated until the CsOH/ethanol was used up. Then an extra 2 mL of ethanol and water were added to the mixture. The concentrations of the reactants were based on a final Cs:Ti:Nb or Cs:Zr:Si cation ratio of 2:1:6. The mixture was aged overnight and then dried in an oven at 100 C. The precursor was then ground and pressed into pellets, these were placed in a platinum crucible and heated in air at a rate of 10 C/min to 1200 C and held for 15 hrs.
Characterisation
Fused borate glass beads were analysed using X-ray fluorescence spectrometry (Bruker S8 Tiger WDXRF, QUANT-EXPRESS software analysis) for elemental composition determination. Circular glass beads with flat surfaces were prepared by mixing ground samples with lithium tetraborate in a 1:10 ratio and heating in a platinum/gold crucible at 1050 C. Ammonium iodide (NH 4 I) was added to help the bead exfoliate from the crucible.
The phase assemblage of the HIPed IONSIV ® samples were investigated using XRD, Rietveld refinement and scanning electron microscopy (SEM). HIPed IONSIV ® samples were ground and their powder diffraction patterns were collected using laboratory (Bruker D8 Advance diffractometer operating in transmission mode using Cu K a1 radiation) and synchrotron (I11, Diamond, U.K.
Rietveld refinements of synchrotron data were performed using TOPAS 5 Academic software [26] . [33] , respectively. For multi-phases refinements, due to the large number of variables the atomic displacement parameters were kept at default values of B eq ¼ 1.58 Å 2 . Lattice parameters were optimised after the scale factors had converged and the background was graphically fitted. The peak profiles were fitted to symmetric pseudo-Voigt functions. Weight fractions of all the phase in a multiphase system can be directly calculated by their scale factors obtained after a good pattern fitting. The relationship between the weight fraction (W i ) for each phase i and its refined scale factor (S i ) is obtained from the following equation [34] .
where Z is the number of formula units per unit cell, M is the unit molecular weight of the formula, and V represents unit cell volume of phase i in a mixture of n phases. Microstructure characterisation using SEM in backscattering electron image mode on polished samples was carried out on a Philips XL30 ESEM-FEG with an Oxford Inca 300 EDS system operating at 10 kV. The microstructure of the 8 wt.% HIPed sample was also examined on a TEM (FEI Tecnai T20, operating at 200 kV) with an EDX system. The TEM sample was prepared by mechanical polishing using SiC paper and a rotating polishing wheel, followed by dimpling and ion milling using a Gatan Precision Ion Polishing System to achieve electron transparency.
Aqueous durability testing
The durability tests of monolithic and powdered HIPed IONSIV ® 6 wt.% and 12 wt.% were carried out in deionised water at 90 C, according to ASTM standard methods MCC-1 [35] and PCT-B [36] . The leachate liquid was analysed by ICP-MS (Agilent 7500ce) for element leaching. The normalised elemental leach rates were calculated as 
where L i is the leach rate (g m À2 d À1 ) of element i, M i is the mass of element i in the leachate (g), A s is the surface area (m 2 ) of the sample, t is the leaching time (day) and F i is the mass fraction of element i in the original sample. The surface area used was estimated using the following equation. (see supporting information).
Surface Area ¼ Mass of sample Â 862:2 Theoretical density 3. Results and discussions
Microstructure
The SEM backscattered images of HIPed Cs-IONSIV ® samples with variable Cs loadings shown in Fig. 1 reveal that the microstructure of the crystalline ceramic phases reduces in grain size with an increase in Cs loading. It was also observed that more bright grains, suggesting Cs containing phases, with rectangular shape exist with the increasing Cs loading. At higher Cs content, a large number of Cs heterogeneities can act as efficient internal nucleating centres for the growth of small, randomly orientated and interlocking ceramic crystal during the heating process, resulting in the observed morphology with many smaller grains. However, acquiring elemental compositions of individual grains using EDS was not successful due to the inaccuracy that arose from the much larger size of the incident beam compared to the grains themselves which will excite a volume larger and deeper than a single grain. Fig. 2 , it was observed in other images. In addition, the EDX analysis and the corresponding diffraction pattern for a selected region in the other area confirm the presence of small amounts of an amorphous silicon-rich phase in this HIPed sample, as shown in Fig. 2b .
Phase assemblage and elemental compositions
The phase assembly of a HIPed non-exchanged IONSIV ® sample was analysed using XRD and quantitative Rietveld refinement. As shown in Fig. 3 , the crystalline ceramic phases consist of Table 2 Elemental composition (wt.%) of Cs-IONSIV ® samples derived from the multiphase refinement of the crystalline components using laboratory XRD data for the 0 wt.% sample and synchrotron data for the others. Estimated standard deviations were calculated by propagation of the errors in the weight fractions from the Rietveld analysis. Table 2 , generally exhibit good consistency with the elemental composition obtained from XRF, given in indicated that the phase transformation has been affected due to the more reducing environment; no Nb 5þ phases (e.g. Cs 2 TiNb 6 O 18 )
form but Nb 4þ is still found in (Ti,Nb)O 2 . The large increase in this phase removes a significant fraction of Ti from the mixture and this is likely why no (Zr,Ti)O 2 is seen, the excess Zr this leaves is taken into the Cs phase and formation of a significant amount of ZrSiO 4 . However, there is the same uncertainty in the exact Ti:Nb ratio in (Ti,Nb)O 2 (assumed to be 5:1) and this analysis of laboratory data suffers from significant peak overlap from that phase with ZrSiO 4 so the resultant weight fractions should be treated with some caution. XRD characterisation shown in Fig. 9 
Aqueous durability
A systematic durability study on HIPed Cs-IONSIV ® samples and the pure Cs-containing phases has been carried out using the MCC-1 and PCT-B test protocols. The MCC-1 normalised elemental leach rates of the 6 wt.% and 12 wt.% Cs-loaded HIPed IONSIV ® samples against the leaching time (3, 7, 14 and 28 days) in deionised water at 90 C are shown in Fig. 10 . Both showed a relatively high but decreasing Na leach rate and almost non-leachable Ti, Nb and Zr, which is in line with PCT-B leach tests (Table 4 ). The Na loss is likely due to it being present in the glassy silicate phase rather than a more durable ceramic, consistent with the absence of an observed Na-containing crystalline phase in the X-ray analysis. The Cs release rates examined using both methods are not merely low but very comparable with those of HIPed Al-rich Hollandite (0.02e0.36 g m À2 d À1 ) [38] . Importantly, increasing the Cs loading did not result in an increase in the normalised leach rate. The relative stability of the phases with which these elements are associated is consistent with the dissolution nature of the wasteform. Ti and Nb, for example, are mainly related to the leaching behaviour of (Ti,Nb)O 2 In subsequent experiments, Ti metal has been mixed with Cs-IONSIV ® and then the samples HIPed to investigate the effect of the metal additive on phase formation, with the possibility of producing hollandite-like compounds. Unfortunately, hollandite phases were never found. However, the phase assemblage has been affected due to the more reducing environment; it appears that the O 9 , but these are also considered potential Cs wasteforms based on the structural studies reported in the literature [25, 33, 46] . It also means that these Cs-containing phases can be alternative options for Cs immobilisation rather than hollandite.
HIPing provides great flexibility for producing various wasteforms such as glass, ceramic, and glass-ceramic composites that are difficult to consolidate by established methods due to factors such as high volatilisation of components/elements or low waste loading. In this work, HIPing has demonstrated to be an efficient route for densifying the materials suitable for direct and permanent disposal. More importantly, this work can provide guidance for the stabilisation of real radioactive wastes such as those generated in the cleanup efforts after the Fukushima Daiichi disaster. 
